Spondyloarthritis has two hallmark features: active inflammation and structural lesions with new bone formation. MRI is well suited to assess active inflammation, but there is increasing interest in the role of structural lesions at MRI. Recent MRI studies have examined the established features of new bone formation and demonstrated some novel features which show diagnostic value and might even have potential as possible markers of disease progression. Although MRI is not the first imaging modality that comes into mind for assessment of bony changes, these features of new bone formation can be detected on MRI-if one knows how to recognize them. This review illustrates the MRI features of new bone formation and addresses possible pitfalls.
New bone formation is a hallmark feature of spondyloarthritis. New bone formation can be reliably assessed on MRI. MRI shows new bone formation within the sacroiliac joints. MRI shows (peri)-discal new bone formation in the spine. The facet joints and manubriosternal joint show new bone formation as well.
Background
Spondyloarthritis (SpA) represents a group of inflammatory rheumatic diseases, inter-related by clinical, genetic, radiological, and therapeutic characteristics. Axial SpA manifests as arthritis and enthesitis of the axial skeleton, clinically associated with inflammatory back pain [1] [2] [3] [4] [5] . As the disease progresses, new bone formation becomes a prominent feature in the axial skeleton-resulting in reduced mobility, deformity of the spine, and increased morbidity [1, 2, 6] . Both active inflammation and new bone formation are considered hallmark features of SpA [1, 2, [7] [8] [9] [10] .
Establishing a diagnosis for SpA is based on the combined presence of a number of clinical features combined with imaging. As such, imaging of the axial skeleton has attained an important role in diagnosis, classification, and follow-up of SpA [11] . For initial evaluation of axial SpA, MRI of the sacroiliac joints is the preferred technique [11, 12] . For evaluation of established disease, both MRI and radiography are considered useful: radiography to detect structural bony changes and MRI of the axial skeleton to monitor inflammation and structural lesions and to evaluate treatment [13, 14] .
In current clinical practice, when evaluating an MRI for features of SpA, the radiologist will often focus on the inflammatory lesions. Correspondingly, the definition of a "positive MRI" in the Assessment of SpondyloArthritis international Society (ASAS) classification criteria focusses on bone marrow edema and does not include structural lesions [11, 12] . Nevertheless, as stated in the ASAS classification criteria, bone marrow edema should only lead to a "positive MRI" if it is "suggestive of SpA" [11] . This addition to the definition implies the need of a certain qualitative aspect, which might be established by including early signs of structural lesions in the MRI assessment.
Recently, several studies have examined features of new bone formation on MRI of the axial skeleton in patients with SpA and found features that showed potential as diagnostic features or as markers of disease progression [15] [16] [17] [18] [19] [20] [21] . The inclusion of these and other features of structural lesions might provide a useful additional qualitative aspect to MRI assessment for SpA.
The aim of this pictorial review is to familiarize the reader with the features of new bone formation on MRI of the axial skeleton in axial SpA and to point out possible pitfalls in interpretation.
MRI features of new bone formation in the sacroiliac joints
An illustration of the features associated with new bone formation in the sacroiliac joints has been presented in Fig. 1 .
Intra-articular high signal intensity on T1-weighted MR images "Backfill" (Fig. 2) has been defined as the presence of high signal intensity-similar to that of adipose tissue-on T1-weighted MR images within the sacroiliac joint space, present on two consecutive slices and measuring 10 mm or more parallel to the subchondral bone plate on at least one slice [19, 20] . This has been hypothesized to represent metaplastic tissue refilling the eroded subchondral bone [15] . However, no consensus exists on what this MRI feature really represents, as no histopathological analysis of this tissue has been obtained yet [19] .
Although the term "backfill" is not in universal use, this intra-articular high signal intensity on T1-weighted MRI of the sacroiliac joints has been documented in 38-63% of patients ≤ 45 years old with SpA and has shown high diagnostic value for SpA [15, 19] . One study even suggested that the presence of this finding should overrule the ASAS definition for a "positive MRI" for sacroiliitis suggestive of SpA, even when no concomitant BME is present [20] .
Ankylosis of the sacroiliac joints
Ankylosis of the sacroiliac joints (Fig. 3) is considered a hallmark feature of end-stage axial SpA. This bony bridging may appear as low signal intensity obliteration of articular cortical margins, on most MRI sequences-but it can have high signal intensity on T1-weighted MR images, when the subarticular bone marrow crossing the sacroiliac joint has high-fat content [11, 19, 20] .
Similar to intra-articular high signal intensity on T1-weighted MR images, ankylosis is highly specific for SpA, and it has been suggested that its presence should lead to a "positive MRI" for sacroiliitis suggestive of SpA, even in the absence of BME [19, 20, 22] .
MRI features of new bone formation in the spine
An illustration of the features associated with new bone formation at the disco-vertebral unit has been presented in Fig. 4 .
Discal high signal intensity on T1-weighted MR images
Discal high signal intensity on T1-weighted MR images ( Fig. 5 ) has only been examined in a limited number of studies. It has been hypothesized to represent early discal calcification [21, [23] [24] [25] [26] [27] . It is defined as the presence of high signal intensity similar to adipose tissue on T1-weighted images within the intervertebral disc, present on two consecutive slices and measuring half of the disc height and a quarter of the vertebra width on at least one slice [21] . In a recent case-control study, discal high T1 signal intensity appeared to be something that was remarkably specific for SpA, although this needs independent validation [21] .
It remains a possibility that this signal change of the intervertebral disc could be present in other diseases which also show new bone formation, e.g., diffuse idiopathic skeletal hyperostosis (DISH) [21] . However, no studies concerning this topic have been published to date.
Non-bridging syndesmophytes
Syndesmophyte formation (Fig. 6 ) is defined as bony growth originating from the Sharpey fibers of the annulus fibrosus [11, 13, 21] . On sagittal spinal MRI, syndesmophytes will be observed as longitudinal bony outgrowths at the anterior and posterior corners of the vertebral bodies, oriented craniocaudally. The signal intensity on T1-weighted images is isointense to red bone marrow or hyperintense to red bone marrow-in case of presence of fatty bone marrow [21] .
Although a sign of new bone formation, the value of non-bridging syndesmophytes for SpA is questionable on spinal MRI. Firstly, syndesmophytes that are clearly visible radiographically can often hardly be seen on MRI [28] . Secondly, two separate MRI studies demonstrated that non-bridging syndesmophytes are frequently observed in patients without SpA [18, 21] . Finally, non-bridging Fig. 2 Intra-articular high signal intensity in the sacroiliac joints space on T1-weighted MR images. Coronal oblique T1-weighted MR images acquired in a 25-year-old man with SpA show high intra-articular signal intensity (arrows). This high signal intensity is clearly filling up the eroded iliac bone on the right (i.e., "backfill"). Extensive fatty degeneration of the bone marrow of the sacral side of the sacroiliac joints is present, i.e., post-inflammatory structural changes. Note: b and c are enlargements of the regions outlined in a syndesmophytes in the absence of other spinal features of new bone formation were only seen in patients without SpA [21] . This suggests that non-bridging syndesmophytes on MRI should not be used for purposes of SpA diagnosis. It is also unclear how these relate to disease progression.
Ankylosis of the vertebral bodies Vertebral corner bridging
Vertebral corner bridging is also referred to as "bridging syndesmophytes" or "ankylosis within the annulus fibrosus" (Fig. 7) [13, 21] . On sagittal spinal MRI, vertebral corner bridging is observed as the bony fusion of the anterior or posterior corners of the vertebral bodies, at the Sharpey fibers of the annulus fibrosus of the intervertebral disc [21] . The signal intensity on T1-weighted images is isointense to red bone marrow or hyperintense to red bone marrow-in case of presence of fatty bone marrow [21] . In contrast to non-bridging syndesmophytes, this MRI feature is specific for SpA and is potentially a reliable indicator of SpA [21] .
In extensive cases, vertebral corner bridging is often accompanied by squaring and sclerosis of the anterior aspect of the vertebral body margins resulting in the radiographic feature of a "bamboo spine" [10] . The appearance of a bamboo spine is less evident on MRI, but vertebral corner bridging can clearly be observed [21, 28] .
Transdiscal ankylosis
Also referred to as "non-corner ankylosis" [21] , this MRI feature (Fig. 8) is defined as bony fusion crossing the vertebral joint space through the expected location of the nucleus pulposus in the intervertebral disc, with obliteration of the cortical margins of the vertebral body [11, 13, 21] . Similar to syndesmophytes, the signal intensity on T1-weighted images is isointense to red bone marrow or hyperintense to red bone marrow-in case of presence of fatty bone marrow [21] . This MRI feature is specific for axial SpA and considered a reliable indicator of SpA [21] .
It is generally considered a marker of late disease, as axial SpA almost always starts in the sacroiliac joints, typically leaving the spine unaffected for a longer period of time; however, it can also be found in younger patients with more extensive disease [11, 21] .
Ankylosis of the intervertebral synovial joints
To the best of our knowledge, no MRI studies regarding the MR features and prevalence of ankylosis of intervertebral synovial joints in SpA have been published. This may be because detailed evaluation of these joints requires coronal or transverse slices, which are timeconsuming to obtain at MRI and not generally found in standard SpA MRI protocols [11, 21, 29, 30] .
There are three types of intervertebral synovial joints, i.e., costovertebral, costotransverse, and zygapophyseal (facet) joints. Only the facet joints-to a certain extent-can be assessed for ankylosis on standard sagittal MRI. When Fig. 3 Ankylosis of the sacroiliac joints. Coronal oblique MR images acquired in a 53-year-old man with SpA show bony fusion of the sacroiliac joints as (a) high signal intensity on T1-weighted imaging (fatty degeneration) and (b) low signal intensity on STIR imaging. A sclerotic remnant of the sacroiliac joints is highlighted (arrows). c Radiography of the sacroiliac joints confirms these structural bony changes visible, they should be assessed for ankylosis (Fig. 9) , as it has been suggested that these joints are primarily and early involved in the course of the disease [30, 31] .
MRI features of new bone formation in the sternum
Although rarely discussed-and not even mentioned in the ASAS handbook-ankylosis of the manubriosternal joint (Fig. 8) or the sternoclavicular joints can occur in SpA [11, 32] . Nevertheless, sagittal imaging planes-as obtained in standard MRI of the spine in SpA-allow detailed evaluation of the manubriosternal joint. Therefore, it is important that no saturation bands are placed over the sternum in standard MR imaging of the spine for SpA, as this feature of new bone formation might be missed. Note that coronal planes can also be useful for assessing the sternum, but axial planes are not.
Pitfalls in MR imaging diagnosis

Diffuse idiopathic skeletal hyperostosis
Diffuse idiopathic skeletal hyperostosis (DISH) is also referred to as "Forestier disease" (Fig. 10) . DISH patients typically have bulky osteophytes, which often exceed the length of anterior longitudinal ligament [33] . The Resnick criteria are helpful for the diagnosis of DISH: hyperproliferative bony changes in ≥ 4 adjacent vertebrae, preservation of the intervertebral disc space, and absence of apophyseal joint or inflammatory sacroiliac changes [34, 35] . If still ambiguous, it has also been suggested to evaluate the growth angle of the vertebral edge to differentiate syndesmophytes (primarily craniocaudal orientation ≤ 45°from vertical) from spondylophytes (primarily horizontal, > 45°from vertical) [36] .
Although DISH is most typically seen on the right side of the thoracic spine, it can also be present in the sacroiliac joints [11] . Furthermore, recently, it has been shown that sacroiliac fusion, anterior and posterior bridging, and entheseal bridging also occur significantly in DISH [37] .
Congenital vertebral fusion
Also referred to as "congenital block vertebrae" (Fig. 11) , this vertebral fusion is due to a failure in the process of segmentation during the fetal period. Fusion of the vertebrae can be partial or complete, dependent on the involvement of anterior and/or posterior elements. At the level of the intervertebral disc, there is often a "waist." The height of a block vertebra should be that of the two vertebrae and the intervertebral disc [38] ; however, this is not always the case in clinical practice-as demonstrated in Fig. 11b . Since vertebrae grow in antero-posterior diameter during childhood, fusion that is congenital or developmental is often associated with narrow anteroposterior width of the affected vertebrae, a clue that can distinguish this from fusion later in life.
Acquired vertebral fusion
In acquired vertebral fusion, unlike congenital vertebral fusion, the height should be less than the sum of the two vertebral bodies and the intervertebral disc [38] . Acquired intervertebral fusion can occur as a late complication of infectious spondylodiscitis (e.g., Pott's disease) after 12-24 months (Fig. 12) [39] . Post-traumatic interbody fusion is a rare phenomenon, and it has been suggested that it can only occur when both the opposing endplates and the intervertebral disc are involved in the injury (Fig. 13) [40] . Acquired vertebral fusion is desirable when surgical spinal arthrodesis is performed; however, this is beyond the scope of this review.
Conclusions
This review demonstrates the most important MRI features of new bone formation in the axial skeleton Fig. 7 Vertebral corner bridging. a Sagittal T1-weighted MR imaging acquired in a 57-year-old man with SpA shows bridging syndesmophytes (arrows), and (b) radiography of the same vertebrae confirms these vertebral corner bridges (arrows) resulting in a "bamboo spine" configuration. Note that the smaller anterior syndesmophytes are more clearly visualized on radiograph than MRI, which is typical of patients with SpA for daily clinical practice. When reading MR of the sacroiliac joints, it is important to examine the joint space on T1-weighted images for high signal intensity ("backfill") or ankylosis, as these signs are very specific for SpA. When reading MR of the spine, examine the intervertebral joint space and disc on T1-weighted images for discal high signal intensity or the presence of ankylosis (i.e., vertebral corner bridging or transdiscal ankylosis) as these signs are also very specific for SpA. When reporting non-bridging syndesmophytes on MRI of the spine, keep in mind that this finding at MRI is neither sensitive nor specific for SpA. When reading MR of the spine, inspection of the facet joints and manubriosternal joint can reveal under-appreciated features of SpA.
It is important for the radiologist to keep in mind that, although new bone formation is a hallmark feature of SpA, there are some pitfalls: DISH, sequelae of infectious spondylodiscitis, congenital block vertebra, or post-infectious or post-operative vertebral fusion also show or mimic new bone formation.
Although MRI features of new bone formation are not included in current ASAS classification criteria, they should be specifically evaluated to obtain a complete assessment of the spine and sacroiliac joints in a patient who may have SpA. These findings can provide an additional qualitative aspect to the presence of bone marrow edema and can be helpful when the outcome of an MRI is ambiguous or to evaluate disease progression. Fig. 8 Extensive-and several types of-new bone formation in one patient with SpA. Sagittal T1-weighted MR image shows how bony fusion of the manubriosternal joint can be observed on sagittal imaging of the spine in a routine SpA protocol (rectangle). Also, notice the other types of new bone formation: syndesmophytes (dotted arrow), discal high signal intensity and/ or progressive trandiscal ankylosis (short arrow), and osteophytes (long arrow). This image demonstrates that osteophytes can be seen in patients with SpA at levels otherwise unaffected by SpA, perhaps due to increased mechanical loads on the remaining functional disco-vertebral units Fig. 9 Ankylosis of the facet joints. a Sagittal T1-weighted MR image acquired in a 34-year-old man with SpA shows ankylosis of the facet joints of C2-C3, C6-C7, and C7-Th1 (arrows). b Radiography of the cervical spine confirms this bony fusion of these joints (arrows) . L5-S1 also shows signs of vertebral fusion after destruction of the intervertebral disc, mimicking transdiscal ankylosis as seen in SpA Fig. 13 Pitfalls in imaging and diagnosis of new bone formation: post-traumatic vertebral fusion. Sagittal T1-weighted MR images show interbody vertebral fusion years after severe spinal trauma, with discrete remnants of the intervertebral disc (arrows). This image suggests that the original injury included both vertebral endplates and the intervertebral disc. Also note that the height is less than the sum of the two vertebral bodies and the intervertebral disc, and antero-posterior diameter is not narrowed, two features which help differentiate this image from a congenital block vertebra. Note: b is an enlargement of the region outlined in a Abbreviations ASAS: Assessment of SpondyloArthritis international Society; DISH: Diffuse idiopathic skeletal hyperostosis; SpA: Spondyloarthritis
